Toll-like receptor (TLR) 2 and TLR4 are major receptors of Aspergillus fumigatus. Aspergillus fumigatus signaling in cornea induces the production of many pro-inflammatory molecules. In this study, we have shown that exposure of telomerase-immortalized human corneal epithelial cells (HCECs) to A. fumigatus antigens resulted in up-regulation of TLR2 and TLR4, and release of IL-1b and IL-10 in HCECs, effects that could be inhibited by treatment with TLR2, and TLR4 antibodies. In addition, the A. fumigatus antigens-induced production of IL-1b and IL-10 in supernatants of corneal epithelial cells was also attenuated by NF-kB inhibitor. Aspergillus fumigatus keratitis developed in Wistar rats, as evidenced by high SLE scores, influx of polymorphonuclear leukocytes (PMNs), activation of TLR2 and TLR4, and production of IL-1b and IL-10 over controls. These findings indicate that the cornea has functional TLR2 and TLR4, and activation of TLR2 and TLR4 through NF-kB may contribute to pathogenesis of keratomycosis.
INTRODUCTION
Fungal keratitis is an opportunistic infection of the cornea and often leads to local inflammation, which causes cellular injury and tissue destruction. In China, fungal keratitis represented 61.9% of corneal infections, and Aspergillus fumigatus infection accounts for approximately 12.1% of confirmed cases, with a gradual increase in the number of severe infected corneal ulcers in recent years. [1] [2] [3] Under normal conditions, the corneal epithelial cells constitute the frontline defense against microbial pathogens, and the cornea is highly resistant to infection. 4 Fungal keratitis always occurs after the epithelial integrity of the cornea has been breached and the underlying fibroblasts are exposed to a wide array of micro-organisms. 1, 5 In addition to serving as a protective barrier, the corneal epithelium may actively participate in the host innate immune response to microbial infection. It recognizes invading micro-organisms by the innate immune system. The recognition is a first and essential step in successful elimination of the micro-organisms. This recognition is mediated at the molecular level by specific interaction of pathogenassociated molecular patterns (PAMPs) with a distinct member of the Toll-like receptor (TLR) family. 6 Toll-like receptors (TLRs) are key components of the innate immune system that detect microbial infection and trigger antimicrobial host responses. 7 These receptors signal through several adaptor molecules (MyD88, TIRAP, Trif) and kinases (IRAK, TRAF, IKK) ultimately leading to NF-kB translocation to the nucleus and transcription of pro-inflammatory and chemotactic cytokines (e.g. IL-1b, TNF-a, IL-6, IL-8, IL-10).
Animal models of fungal keratitis continue to be of value in the study of this disease and are produced by topical application of fungi after abrading the epithelium, by intrastromal inoculation, or by placement of a contaminated suture or contact lens on the cornea. [8] [9] [10] [11] [12] [13] [14] [15] These approaches and models have led to increased understanding of the mechanisms of corneal inflammation during fungal keratitis. Despite these advances, the pathogenic mechanisms of fungal keratitis remain largely undefined.
Several studies have examined the role of TLRs in vitro in human corneal epithelial cells and in vivo in knockout mice and TLR-specific ligand challenge, but no studies have tested the role of TLRs in fungi-induced keratitis. [16] [17] [18] We have studied TLR2 and TLR4 because it has been found likely these molecules have an important function in the corneal epithelium and immune cells to signal through NF-kB against fungi. The focus of this study was to elucidate the underlying mechanisms of TLR2 and TLR4 regulating cytokine expression and their role in innate defense in telomerase-immortalized human corneal epithelial cells (HCECs) in response to A. fumigatus challenge, and to investigate the pathological effects and underlying mechanisms of keratomycosis. Our findings demonstrate that cornea express functional TLR2 and TLR4, and that immune responses induced by these receptors are correlated with the pathological mechanisms of keratitis.
MATERIALS AND METHODS

Aspergillus fumigatus antigens
Conidia of A. fumigatus (strain CCTCC 93024) were inoculated in 150-ml Erlenmeyer flasks containing Sabouraud liquid medium (2% [w/v] glucose, 1% [w/v] Mycopeptone). Flasks were shaken at 37 C and 200 rpm for 24 h. Two-litre fermenters (LSL Biolafitte; Saint Germain en Laye, France) containing 1.2 l of Sabouraud medium were inoculated with the shaken flask cultures. The 18-h culture conditions were as follows: inoculum, 8% (v/v); temperature, 26 C; aeration, 50 l of air/min; agitation, 500 rpm. The mycelia recovered by filtration were washed twice and sterilized through incubation in ethanol-phosphate-buffered saline (ethanol-PBS; 70%) at 4 C for 24 h. Then, the mycelia were disrupted into 20-40-mm pieces in a Potter-Elvehjem Tissue Grinder in KBM-2 and yielded 5 Â 10 6 pieces/ml as A. fumigatus hyphae antigen. 19, 20 The ethanol precipitate of A. fumigatus was prepared by precipitating the culture filtrate with 4 volumes of ethanol after 18 h of culture and stored at 4 C. Protein content was measured by the Bradford technique (Bio-Rad, Hercules, CA, USA) according to the manufacturer's instructions and estimated in 10 mM equivalent BSA per milliliter as A. fumigatus supernatant antigen. 4 Aspergillus fumigatus hyphae antigen and supernatant antigen were tested endotoxin free. Live A. fumigatus was harvested from A. fumigatus mycelium grown on Sabouraud dextrose agar (Difco) as described. 21 Harvested A. fumigatus was washed three times in sterile PBS and adjusted to 50 mg/ml with sterile PBS. 22 
Human corneal epithelial cells cultures and A. fumigatus challenges
Human telomerase-immortalized corneal epithelial cells (kindly provided by Dr Fu-Shin X. Yu, produced by Dr Ilene K. Gipson) were maintained in a defined keratinocyte serum-free medium (SFM, Invitrogen-Gibco; Carlsbad, CA, USA) in a humidified 5% CO 2 incubator at 37 C. After the cells attached, the medium was replaced with growth factor-free keratinocyte basic medium (KBM, Invitrogen-Gibco), and cultures were incubated for 18 h (growth factor starvation) as described. 23 In the course of treatment, HCECs were incubated with fresh KBM containing hyphae antigen or supernatant antigen for 12 h and processed for RNA or protein preparation, and the conditioned media were collected for cytokine assays.
Toll-like receptor blocking experiments were conducted by incubating HCECs with monoclonal antibodies against TLRs or NF-kB inhibitor. HCECs were incubated at 22 C with anti-TLR2 (Biolegend, San Diego, CA, USA; 1:100), anti-TLR4 (Biotechnology, Santa Cruz, CA, USA; 1:100), both anti-TLR2 and anti-TLR4, kamebakaurin (Merck; Darmstadt, Germany), or IgG control antibody (Biolegend; 1:100) for 1 h. They were then treated with hyphae antigen or supernatant antigen at 37 C for 12 h. The supernatants were collected to evaluate the release of IL-1b and IL-10, and cells were harvested to estimate the expression of TLR2 or TLR4.
Animals
Female Wistar rats, weighing approximately 0.3 kg, were used in this study. All experiments were conducted in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.
Fungal culture
Fungal spores were prepared by growing cultures on Sabouraud's dextrose agar (Difco, Detroit, MI, USA) at 30 C for 48 h and were then harvested in sterile physiological saline. 18 The inoculum was diluted with sterile saline to yield 1 Â 10 8 colony-forming units (CFUs) per 5 ml inoculum.
Model of invasive keratitis
Prior to inoculation, rats underwent general anesthesia with intramuscular ketamine and xylazine. Corneal anesthesia was obtained with topical 0.5% proparacaine hydrochloride. Sterile physiological saline (5 ml) was injected intrastromally using a 29-gauge needle to create a cavity in the central corneal stroma, and subsequently, a second needle was used to inject 5 ml of a suspension containing the fungi into the cavity. 24 Animals that served as negative controls were mock inoculated with sterile physiological saline.
Tissue processing
All rats were scored daily for corneal involvement. The rats were killed and the eyes enucleated at 1 day, 3 days, 5 days, 7 days, and 11 days post-infection and processed for histological examination, Western blot analysis, realtime quantitative PCR analysis and ELISA assay.
Clinical scoring
The severity of keratomycosis in the animals was scored visually with the aid of a dissecting microscope and slit lamp (Zeiss, Germany). A grade of 0 to 4 was assigned to each of the following three criteria: area of opacity, density of opacity, and surface regularity ( Table 1) . A normal, uninjected rat cornea was given a score of 0 in each category and thus had a summation score of 0. The scores from all three categories were tallied at 1 day, 3 days, 5 days, 7 days, and 11 days post-infection for each eye to yield a possible total score ranging from 0 to 12. A total score of 5 or less was categorized as mild eye disease, a total score of 6-9 was considered moderate, and a total score of more than 9 was severe.
Histopathology
A. fumigatus-infected and mock-infected eyes were fixed in formalin, embedded in paraffin, and sectioned at a thickness of 5 mm for histological study. The sections were deparaffinized and stained with hematoxylin and eosin (Sigma), and examined microscopically.
Quantitative real-time RT-PCR
The expression of TLR2, TLR4, IL-1b, and IL-10 was analyzed using quantitative real-time PCR (Cepheid Smart Cycler System; Cepheid Inc., Sunnyvale, CA, USA) in RNA samples from individual animals. Briefly, 2 mg of total RNA treated with DNase I (Promega) was reverse-transcribed using a First Strand cDNA Synthesis Kit (Invitrogen Corp.). Gene-specific primers corresponding to the target genes were used to generate the amplicons. Primers used were 5 0 -CTGCAAGCTGCGGAAGA TAAT-3 0 (sense) and 5 0 -AGGACTTTATCGCAGCTCT CAGA-3 0 (antisense) for human TLR2; 5 0 -GATTGCTCA GACCTGGCAGTT-3 0 (sense) and 5 0 -TGTCCTCCCAC TCCAGGTAAGT-3 0 (antisense) for human TLR4; 5 0 -CTGATGGCCCTAAACAGATGAAG-3 0 (sense) and 5 0 -GGTCGGAGATTCGTAGCTGGAT-3 0 (antisense) for human IL-1b; 5 0 -GCTGGAGGACTTTAAGGGTTA CCT-3 0 (sense) and 5 0 -CTTGATGTCTGGGTCTTGGT TCT-3 0 (antisense) for human IL-10; 5 0 -CACGATGGAG GGGCCGGACTCATC-3 0 (sense) and 5 0 -TAAAGACCT CTATGCCAACACAGT-3 0 (antisense) for human b-actin; 5 0 -CGCTTCCTGAACTTGTCC-3 0 (sense) and 5 0 -GGTTGTCACCTGCTTCCA-3 0 (antisense) for rat TLR2; 5 0 -ATCATGGCATTGTTCCTTTCCT-3 0 (sense) and 5 0 -CTGAGATTCTGATCCATGCATTG-3 0 (antisense) for rat TLR4; 5 0 -AAGTCCCTCACCCTCCCAA AAG-3 0 (sense) and 5 0 -AAGCAATGCTGTCACCTT CCC-3 0 (antisense) for rat b-actin. To measure the relative concentration of gene expression, 1 ml of each sample was analyzed in duplicate. Real-time PCR was performed in a 25 ml volume with 1 ml of respective cDNA and 0.4 mm primers. Nucleotides, Taq polymerase, reaction buffer, and SYBR Green I dye were supplied in the iQ SYGR Green Supermix (Bio-Rad Laboratories Inc.). The amplification program consisted of 1 cycle of 95 C for 3 min, followed by 45 cycles of 95 C for 15 s, 10 s at annealing temperature, and 72 C for 30 s; fluorescent intensity was measured at a specific acquisition temperature for each gene. The individual mRNA levels were obtained by comparison to a standard curve. The relative mRNA levels of TLR2, TLR4, IL-1b, and IL-10 were calculated after normalization with the level of b-actin in each sample.
Western blot analysis
Corneal tissues or the harvested cells were homogenized in 1 ml of 50 mM Tris-HCl (pH 7.8), containing 15% glycerol, 150 mM NaCl, 0.1% Tween-20, and proteinase inhibitor, using a homogenizer (Eppendorf AG, Hamburg, Germany) and centrifuged. The supernatant (i.e. total protein) was separated on 12% acrylamide SDS-PAGE and electroblotted onto a nitrocellulose membrane. The membrane was blocked with 5% (w/v) free-fat milk and then incubated with a monoclonal antibody to human TLR2 (Biolegend; 1:1000), or a monoclonal antibody to rat TLR2 (Biotechnology; 1:1000), or a monoclonal antibody to human TLR4 (Biotechnology; 1:1000), or with the monoclonal antibody to rat TLR4 (Abcam, CA; 1:1000) at 4 C for 18 h and then with horseradish peroxidase-conjugated secondary antibodies (Biolegend; 1:1000) at 22 C for 1 h. The membrane was exposed to enhanced chemiluminescence (ECL) reagents and then to X-ray film. The expression of proteins was detected with use of Scion image software (Scion Corp., Frederick, MD, USA).
Immunofluorescence staining
The slides seeded with HCECs were fixed in acetone for 20 min and washed with PBS three times for 5 min. Fixed cells were incubated in 0.2% Triton X-100 in PBS for 4 min and blocking buffer of 5% bovine serum albumin (Proliant; Ankeny, IA, USA) at 22 C for 1 h. Corneas from infected or mock infected rats were removed at 1, 3, 5, 7, and 11 days after infection, snap frozen in optimum temperature cutting (OCT) compound, and stored at À20 C. Ten-micrometer-thick sections were cut, and dried at 37 C for 18 h. The slides were then incubated at 4 C for 18 h with the following dilutions of primary antibodies: TLR2 (1:100) and TLR4 (1:100) or IgG (control). They were then incubated at 22 C for 1 h with the diluted secondary antibodies (1:100) conjugated to Cy3 or FITC (KPL; Gaithersburg, MD, USA). Diamidino-2-phenylindole was used to stain nuclei. Sections were viewed on fluorescence microscopy (Oberkochen; Germany).
Determination of IL-1b and IL-10 in HCEC culture media by ELISA
The concentrations of IL-1b and IL-10 in the cell culture supernatants were determined by ELISA following the manufacturer's instructions (R&D Systems; Minneapolis, MN, USA). The amounts of IL-1b and IL-10 in culture media were expressed as mean picograms of cytokine per milliliter. The detection limit of these assays was 5 pg/ml. Data are expressed as mean AE SEM of experiments performed in triplicate that were repeated three times with similar results. Corneas were excised from the infected and mock infected animals after removing the limbal tissue. The corneas were homogenized in 1 ml sterile PBS (pH 7.4) using a hand-held Ultra-Tarrax T-8 dispersing tool (IKA, Rawang, Malaysia), and centrifuged at 10,000 g for 10 min. The cell homogenates were assayed for IL-1b and IL-10 with commercially available ELISA kits (Pharmingen, Hamburg, Germany; n ¼ 8 each group). Absorbances were converted to pg/eye for each cytokine.
Statistical analysis
Statistical significance of differences was determined with ANOVA using SPSS (v.11.5). Differences were considered statistically significant at P50.05.
RESULTS
Effect of A. fumigatus antigens on TLR2 and TLR4 expression in HCECs
We used real-time PCR, Western blot analysis, and immunofluorescence staining to determine whether TLR2 and TLR4 expression is induced in HCECs in response to A. fumigatus. Real-time PCR revealed that both hyphae and supernatant treatment up-regulated the mRNA expression of TLR2 and TLR4 in HCECs (Fig. 1A, 1B) , with supernatant inducing a higher level of TLR2 than did hyphae. The expression of TLR2 and TLR4 was elevated at 12 h in HCECs treated with either supernatant (Fig. 1C) or hyphae (Fig. 1D ) as compared with untreated cells. Immunofluorescence staining revealed moderate TLR2 and TLR4 reactivity in untreated HCECs. The staining intensity of these antigens was enhanced after treatment with supernatant or hyphae and was attenuated by pretreatment with TLR2 or TLR4 neutralizing antibodies (Fig. 2) .
Up-regulation of cytokines in A. fumigatus antigens-challenged HCECs
Concomitant with TLR2 and TLR4 expression, we used real-time PCR and ELISA to examine IL-1b and IL-10 expression in HCECs stimulated with supernatant or hyphae (Fig. 3) . The expression of IL-1b and IL-10 was elevated at 12 h in HCECs treated with either supernatant (Fig. 3A) or hyphae (Fig. 3B ) as compared with untreated cells.
Aspergillus fumigatus antigens-induced cytokine secretion depends on TLR2 and TLR4
We next sought to determine whether the expression of cytokines induced by A. fumigatus supernatant or hyphae in HCECs depended on TLR2 and TLR4. Tolllike receptor 2 or TLR4 antibody significantly inhibited the supernatant-or hyphae-induced secretion of IL-1b and IL-10 from HCECs. As shown in Fig. 3 , compared with untreated cells, HCECs pre-incubated with both TLR2 and TLR4 antibodies showed decreased supernatant-induced IL-1b accumulation in culture medium by 74% and IL-10 by 67% and decreased hyphaeinduced IL-1b accumulation in culture medium by 68% and IL-10 by 62%. Pre-incubation of HCECs with TLR2 antibody resulted in 67% and 53% reduction of supernatant-induced release of IL-1b and IL-10, respectively, and 58% and 48% reduction of hyphae-induced release of IL-1b and IL-10, respectively. Pre-incubation of HCECs with TLR4 antibody resulted in 47% and 53% reduction of supernatant-induced release of IL-1b and IL-10, respectively, and 52% and 46% reduction of hyphae-induced release of IL-1b and IL-10, respectively.
A. fumigatus supernatant or hyphae-induced cytokine secretion depends on NF-kB
We next sought to determine whether the expression of cytokines induced by A. fumigatus supernatant or hyphae in HCECs depended on NF-kB. Kamebakaurin significantly inhibited the supernatant-induced secretion of IL-1b by 75% and IL-10 by 68%, or hyphae-induced secretion of IL-1b by 68% and IL-10 by 63% from HCECs (Fig. 3 ).
Visual examination of keratomycosis
After inoculation of rats with A. fumigatus, the animals were visually evaluated at 1 day, 3 days, 5 days, 7 days, and 11 days post infection for corneal involvement (Fig. 4) . All mock-infected corneas presented normal appearance of a naive eye at 1 day after the corneal injection procedure. In contrast, moderate keratomycosis developed in A. fumigatus-infected rats on day 1, but corneal involvement progressed to severe inflammation on day 3 and persisted through day 7. On day 11 after infection, keratomycosis in the infected rats resolved significantly to a moderate level. Representative findings at 1 day, 3 days, 5 days, 7 days, and 11 days post infection are shown in Fig. 5 .
Histopathology
Histological examination of the corneas revealed similar results to the slit lamp examination scores. Mock-infected eyes did not show any signs of infection or inflammation (Fig. 6A ). Rat eyes infected with A. fumigatus 1-day post-infection showed mild stromal edema in the cornea and less infiltration (Fig. 6B) . In contrast, infected eyes from rats revealed pronounced stromal necrosis, edema, structural destruction, and numerous PMN accumulations in the corneas 5 day after infection (Fig. 6D) . These changes persisted until post-infection day 7. By day 7 after infection, new vessels could be found in the ocular tissue of rats (Fig. 6E ). Rats at 11 days post-infection demonstrated minimal pathological changes (Fig. 6F ).
Expression of TLR2 and TLR4 in the cornea
Using well-defined experimental A. fumigatus keratitis models, we first tested for TLR2 and TLR4 mRNA expression in the infected cornea. Real-time PCR demonstrated increased TLR2 and TLR4 mRNA expressions in corneal tissue of infected rat. As shown in Fig. 6 , low levels of TLR2 and TLR4 mRNA could be detected in corneal tissues in the control rat. Data (Fig. 7) showed a 3.6-fold and a 3.1-fold increase n mRNA for TLR2 and TLR4 in the rat corneas, respectively, 1 day after infection. Expression of TLR2 and TLR4 in the cornea was significantly increased by approximately 8.3-fold and 7.7-fold compared with control levels at day 5 postinfection. TLR2 mRNA expression of the infected group was 3.3 times that of the control group, and TLR4 mRNA expression of the infected group was 3 times that of the control group at 11 days post-infection ( Fig. 7) . Expression of TLR2 and TLR4 in the cornea was also confirmed in rat corneas by Western blotting (Fig. 7) . There was a small quantity of TLR2 and TLR 4 proteins in control rats. Western blot demonstrated that TLR2 and TLR4 protein expressions markedly increased in corneal tissues of the infected rat. A significant difference was noted between the infected and control groups (Fig. 7) .
As large amounts of TLR2 and TLR4 mRNA and protein were detected in the cornea, intracellular localization of the TLR2 and TLR4 protein was investigated immunohistochemically. As shown in Fig. 8 , corneal epithelial cells and PMNs showed a positive immunoreaction.
Cytokine expression in the corneas after A. fumigatus infection
In order to investigate the expression of cytokines in the cornea, the cytokine levels in the corneas at days 1, 3, 5, 7, and 11 after A. fumigatus infection were analysed by ELISA technique. The level of IL-1b and IL-10 was increased at day 1 post-infection (P50.05), while no increases were noted in mock-infected rats (Fig. 9 ). Furthermore, IL-1b and IL-10 levels were significantly T r e a t e d + a n t i − T L R 2 T r e a t e d + a n t i − T L R 4 T r e a t e d + a n t i − T L R 2 / 4 K A Wistar rats were mock infected or infected with A. fumigatus and visually evaluated for their corneal involvement at 1 day, 3 days, 5 days, 7 days, and 11 days post-infection. Mock-infected corneas received only sterile physiological saline and served as the control. Data are expressed as the mean AE SEM. elevated in rat eyes at days 5 post-infection, which was lower in rats at days 11 post-infection. Consistent with our previous study of Western blot, these results indicate that TLR2 activates a NF-kB-signaling pathway leading to the activation of cytokines.
DISCUSSION
Our data support the conclusion that TLR2 and TLR4 from the cornea play critical roles in the defense against fungal infection. Using molecular methods, we demonstrated that the release of IL-1b and IL-10 was depended on TLR2 and TLR4 in HCECs stimulated with A. fumigatus supernatant or hyphae. Using corneal intrastromal injection, we examined the rat keratomycosis model by clinical, histopathological, and molecular methods. We demonstrated that TLR2 and TLR4 are expressed in normal corneal epithelium, and that activation stimulates production of cytokines by corneal epithelium, leading to neutrophil recruitment to the corneal stroma and subsequent increased corneal thickness and haze. In brief, our findings suggest that the increased expression of TLR2 and TLR4 in response to A. fumigatus may result in the expression of cytokines that activate underlying stromal keratocytes and recruit polymorphonuclear neutrophil leukocytes to the infection site.
Toll-like receptors are the 'eyes' of innate immunity, and could identify their respective PAMPs, such as lipoprotein (recognition by TLR1/TLR2), peptidoglycan, lipopeptide, lipoprotein and lipoteichoic acid (TLR2 and TLR6), fungal zymosan and mannan (TLR2), viral double-stranded RNA (dsRNA; TLR3), fungal cytoderm polycose, lipopolysaccharide (LPS) of Gram-negative bacteria (TLR4), bacterial flagella flagellin (TLR5), unmethylated CpG dinucelotides (TLR9), and Escherichia coli strain 8NU (TLR11). 25, 26 Recognition of invading pathogens may facilitate the release and nuclear translocation of active NF-kB, facilitates transcription of several cytokines and chemokines that regulate the inflammatory and innate immune response against microbes. 27, 28 Recent studies indicate that recognition of PAMPs in A. fumigatus by the innate immune system is most notably mediated through TLR2 and TLR4. 19, [28] [29] [30] [31] [32] [33] Whether intrinsic corneal cells recognize fungi via TLRs in the absence of immune cells (the cornea contains no vessels) is important for the development of fungal keratitis.
To determine the roles of TLR2 and TLR4 on challenge with A. fumigatus, we investigated TLR2 and TLR4 activation in HCECs and corneal tissues. We studied the effects of supernatant or hyphae on the expression of TLR2 and TLR4 in HCECs. The expression of TLR2 and TLR4 was enhanced in supernatant-or hyphae-treated HCECs. Thus, both TLR2 and TLR4 were essential for responses against A. fumigatus supernatant and hyphae in HCECs.
For detailed analysis of the specific contribution of TLR2 and TLR4, we investigated IL-1b and IL-10 secretion in HCECs. Using real-time PCR and ELISA, we found that IL-1b and IL-10 was secreted in a TLR2and TLR4-dependent manner. Studies by Netea et al. 32 showed that macrophage cells from TLR2-knockout or TLR4-deficient mice produced less TNF-a and IL-1b than did macrophages of control mice on stimulation with A. fumigatus conidia. In contrast, macrophages from TLR2-knockout mice showed decreased production of TNF-a and IL-1b in response to hyphae. 32 We previously showed that stimulation of immortalized human corneal epithelial cells with A. fumigatus conidia resulted in elevation of TNF-a and IL-8, and stimulation of immortalized human corneal epithelial cells with A. fumigatus hyphae or supernatant resulted in elevation of IL-1b and IL-6. 34, 35 All the results indicated that A. fumigatus stimulates cytokine secretion through a pathway dependent on TLR2 and TLR4 signaling.
Foster et al. 36 showed that virulent Salmonella enterica infections can be exacerbated by concomitant infection of the host with a live attenuated S. enterica vaccine via TLR4-dependent IL-10 production. Hirata et al. 37 reported that standard LPS induced vigorous production of IL-10 by dendritic cells. The authors also showed that signal deficiency through TLR2 result in marked reduction in dendritic cell production of IL-10. 37 Thus, TLR2 and TLR4 in HCECs may play important roles in immunological responses to various microorganisms. We previously showed that stimulation of telomerase-immortalized human stroma fibroblasts with Fusarium solu hyphae or conidia resulted in elevation of IL-1b and IL-10 mRNA. In contrast, F. solu-stimulated IL-10 production by transfected telomerase-immortalized human stroma fibroblasts was severely impaired, while IL-1b production was partially inhibited. 38 In this study, we further elucidated that challenge of HCECs and cornea with A. fumigatus promoted the secretion of IL-1b and IL-10 in a TLR2-and TLR4-dependent manner and resulted in different pathological progressions in fungal infections. These results agree with data published by Meier et al., 19 who indicated that A. fumigatus conidia and hyphae induced mouse macrophage activation and translocation of NF-kB, as well as cytokine expression, in a TLR2-and TLR4-dependent manner.
To investigate cell activation triggered through NF-kB, we analyzed IL-1b and IL-10 secretion in HCECs in the presence or absence of kamebakaurin. Using ELISA, we found that IL-1b and IL-10 were secreted in a NF-kB-dependent manner. Ligand stimulation and antibody blocking tests by Zhang et al. 16 showed that inoculation of primary human corneal epithelial cells with flagellin resulted in IkB-a degradation and subsequent secretion of IL-6 and IL-8. 16 Thus, NF-kB in HCECs may play different roles in immunological responses to various micro-organisms. We previously showed that IL-8 and TNF-a were secreted in a TLR/NF-kB-dependent manner in human corneal epithelial cells challenged by A. fumigatus. 31, 33 In this study, we further elucidated that challenge of HCECs with A. fumigatus promoted the secretion of IL-1b and IL-10 in a NF-kB-dependent manner and resulted in different pathological progressions in fungal infections. A reliable mammalian system is essential for the understanding of the immunology and molecular genetics of oculomycotic pathogenesis. In the present study, we present the novel finding that inoculation of eyes with A. fumigatus resulted in significant increases in SLE score, compared with control eyes. Our experiments further show the presence of PMNs in infected tissue, corneal erosion, and edema in the eyes of infected rats. Further, we demonstrated that corneas injected with A. fumigatus exhibited an increase in corneal mRNA and protein for TLR2 and TLR4 over controls 1 day after infection, which began to decrease after 7 days infection. The results were inconsistent with immunofluorescence and histology results, which demonstrated migration of PMNs into infected tissue, and TLR2 and TLR4 expression in PMNs in the eyes of infected rats. Furthermore, it is likely that both resident cell types and neutrophils express TLRs, the activation of which stimulates production of chemotactic and pro-inflammatory cytokines. The results of ELISA revealed that the secretion of IL-1b and IL-10 was enhanced in infected cornea 1 day after infection. Therefore, both resident cell types and activated neutrophils in the cornea may contribute to production of chemokines, and lead to further neutrophil recruitment and exacerbation of the inflammatory response. Fig. 8 . Immunohistochemical staining for TLR2 and TLR4 in the cornea of mock (A1, A2) and A. fumigatus infected rats. The cornea was removed 1 day (B1, B2), 3 days (C1, C2), 5 days(D1, D2), 7 days (E1, E2), and 11 days (F1, F2) after A. fumigatus injection. Green staining indicates the location of the TLR2, whereas red staining indicates the location of TLR4. Fig. 9 . Interleukin-1b and IL-10 induction from rat corneas infected with A. fumigatus. Units are pg/cornea AE SEM. A. fumigatus versus mock-infection control P50.05. The ELISA for IL-1b and IL-10 were carried out using ELISA kits according to the manufacturer's directions. Absorbances were converted to pg/cornea for each cytokine.
